Physical implementations of large-scale quantum processors based on solid-state platforms benefit from realizations of quantum bits positioned in regular arrays. Self-assembled quantum dots are well established as promising candidates for quantum optics and quantum information processing, but they are randomly positioned. Site-controlled quantum dots, on the other hand, are grown in pre-defined locations but have not yet been sufficiently developed to be used as a platform for quantum information processing. In this paper, we demonstrate all-optical ultrafast complete coherent control of a qubit formed by the single-spin/trion states of a charged site-controlled nanowire quantum dot. Our results show that site-controlled quantum dots in nanowires are promising hosts of charged-exciton qubits and that these qubits can be cleanly manipulated in the same fashion as has been demonstrated in randomly positioned quantum dot samples. Our findings suggest that many of the related excitonic qubit experiments that have been performed over the past 15 years may work well in the more scalable, site-controlled systems, making them very promising for the realization of quantum hardware.
INTRODUCTION
Coherent control of quantum bits (qubits) lies at the heart of quantum computing. Among the wide variety of systems hosting qubits that can be coherently controlled, the platform of selfassembled quantum dots (QDs) is one of the most prominent due to their nanoscale size and the possibility of picosecondtimescale manipulation. Using all-optical techniques, several groups have demonstrated coherent control of excitonic qubits through experiments that involve ultrafast pulses to drive Rabi rotations [1] [2] [3] [4] [5] [6] [7] [8] [9] or demonstrate Ramsey interference [10] [11] [12] [13] [14] [15] . Similar experiments have been done utilizing biexcitonic states [16] [17] [18] and trions [11, 19, 20] . The self-assembly growth mechanism however, does not allow for controllable positioning of the qubits and therefore renders such dots imperfect for use in a scalable multi-qubit system. Site-controlled QDs have recently emerged as a promising technology in addressing the issue of qubit positioning. Among the existing site-controlled QD technologies [21] [22] [23] [24] [25] [26] [27] , InAsP QDs embedded in deterministically positioned InP nanowires [28] stand out for their high-efficiency [29] single- [30] and entangled-photon [31, 32] generation properties. This new QD system gives us an opportunity to revisit the physics of excitonic qubit coherent control in a novel, scalable platform. In this work, we demonstrate complete coherent control of individual spin-trion qubits in site-controlled InAsP nanowire QDs under a magnetic field by means of resonant multi-pulse excitation. The magnetic field in the Voigt configuration Zeeman-splits the ground and excited states creating a double lambda (Λ) system that we use as our setting for the coherent control experiments.
We perform quantum optical modeling that fully captures the observed phenomenology, giving rich insights into the underlying physics and the robustness of the system.
SAMPLE AND EXPERIMENTS
A. Nanowire Site-Controlled QD Sample
The sample we studied has a regular array of nanowire QDs similar to the one shown in the inset of Fig. 1(a) . The nanowires are grown by vapor-liquid-solid epitaxy on an (111)B InP substrate, and deterministic positioning is achieved by masking the sample with an SiO 2 mask containing a grid of apertures with a gold nanoparticle centered in each of the apertures. Once the nanowire containing the InAsP QD is grown, it is then surrounded by an InP shell grown in a second step [28] .
B. Charging and Level Structure
The nanowire QD we study here is initially characterized with photoluminescence measurements at cryogenic temperatures (T 8.3 K). Excitation of the sample and collection of the emitted photons is done using a 0.5-NA, long-working-distance microscope objective. Above-band excitation yields photoemission from the nanowire QD, which is observed in two linear polarizations, and spectral characterization reveals linewidths of ∼45 6 μeV. As shown in Fig. 1(a) , the emission exhibits clear linear power dependence for both polarizations, with saturation occurring at ∼420 nW for 780 nm above-band excitation. Determination of the charge state of our QD (negatively charged) is here done by magneto-photoluminescence and spin-pumping measurements in the Voigt configuration (see Supplement 1 and [33] ). Application of the magnetic field splits the emission into four distinct spectral lines. The peak locations of these spectral lines and their polarizations are shown in Fig. 1(b) . The linear dependence of the splittings on the magnetic field and the opposite polarization between the two inner and outer transitions provides a strong experimental signature of the existence of a charged QD and its characteristic double-Λ system [34, 35] . The g-factors for this QD are g e 1.49 and g h 0.22, while the diamagnetic shift factor is 7.13 μeV∕T 2 , in good agreement with similar nanowire structures [34] . A complete polarization analysis at the maximum magnetic field (B 5 T) is shown in Fig. 1(c) . The four-level structure of the system is illustrated in Fig. 1(d) , with the two inner and the two outer transitions perpendicularly polarized.
In this paper, we define our quantum bit basis as the two levels j↓i and j↑↓⇓i [or levels 2 and 3 shown in Fig. 1(d) ]. We note that the spin basis used here is along the magnetic field (x-axis). The exact orientation of the nanowire with respect to the magnetic field can be found in Fig. S1 of Supplement 1. We apply a spectrally narrow resonant laser pulse on the j↓i → j↑↓⇓i transition. The pulse brings the system from the electron spin ground state j↓i to the excited trion state j↑↓⇓i, which then radiatively decays via spontaneous emission [downward gray wavy arrows in Fig. 1(d) ] either to the j↑i state or to the j↓i state, with a 50% probability of each. If the system decays to j↓i, then the next pulse can re-excite the system to the trion state, but if it decays to j↑i, the pulse is no longer resonant with the transition unless the system is somehow brought back to the j↓i state. We reset this spin ground state by exciting the system with a weak ∼50 nW above-band laser. The net effect of the weak above-band excitation and the spontaneous decay of the trion states to the ground states is that our system is initialized in the state j↓i with a 50% probability. We perform a measurement of the qubit state by counting photons emitted by the diagonal transition j↑↓⇓i → j↑i with a free-space single-photon-counting module; photons from other decay pathways are excluded from detection by spectral filtering using a custom-made double monochromator of 1.75 m overall length.
C. Rabi Oscillations
To demonstrate coherent control of the trion qubit, we drive the j↓i → j↑↓⇓i transition with ∼20 ps pulses of variable amplitude that we prepare using a pulse shaper. These pulses are derived from a Ti:Sapphire picosecond pulsed laser with 80.2-MHz repetition rate. On the Bloch sphere, individual optical pulses rotate the Bloch vector about the x-axis by an angle θ proportional to the area of the pulse. In Fig. 2(a) , we provide the photon counts measured from the diagonal transition j↑↓⇓i → j↑i as a function of the pulse area. We observe clear Rabi oscillations that we can trace from 0 all the way to approximately 4π. The damping of the Research Article oscillations is likely due to excitation-related dephasing [36] , phonon relaxation and spontaneous emission. We fit the experimentally observed oscillations using a model implemented with the Quantum Optics Toolbox in Python (QuTiP) [37] , which is described in detail in the Modeling section. Using the parameters that yielded the best fit to the experimental data, we simulated the effect of the detuning of the resonant driving field to gain better insight into the robustness of the process. A detuned pulse will drive the Bloch vector about an axis rotated by φ ∝ Δω L with respect to the x-axis of the Bloch sphere, as depicted in the inset of Fig. 2(a) . In Fig. 2(b) , the modeled Rabi oscillations are presented as a function of the resonant pulse detuning and driving power. The oscillations persist for detunings of up to 20 GHz with a strong reduction in their amplitude as the laser is tuned out of resonance.
D. Ramsey Interference
As we mentioned previously, an individual resonant pulse rotates the Bloch vector about the x-axis. Using a second pulse applied after a delay causes the qubit to undergo a rotation about a second axis that is at an angle φ ω L · Δt with respect to the x-axis. A Mach-Zehnder interferometer with a delay stage in one arm for coarse delay tuning t c and a piezo-controlled mirror in the other arm for fine delay tuning t f splits the initial pulses into two copies with variable interpulse delay. This dual-pulse train is used for the Ramsey interference experiments. In such an experiment, the pulse areas are chosen so that each individual pulse causes a rotation by π∕2 rad. The first pulse rotates the Bloch vector about the x-axis by π∕2 rad, creating a coherent superposition of ground j↓i and excited j↑↓⇓i states with equal amplitudes.
If the delay between the pulses is such that the second rotation axis is at an angle φ 2nπ (for n integer) with respect to the x-axis, then the second pulse will rotate the Bloch vector to the excited state j↑↓⇓i, resulting in maximal detected counts. If, on the other hand, the delay results in the second rotation axis being at an angle φ 2n 1π with respect to the x-axis, then the second pulse will bring the Bloch vector back to the ground state j↓i, giving a minimum in detected counts. Recording the detected counts for a range of interpulse delays allows one to observe Ramsey interference fringes. Figure 3(a) shows the experimentally observed oscillations as a function of the piezo-controlled fine interpulse delay over the range Δt f ∈ 0; 11 fs. The two π∕2 pulses additionally have a coarse delay of Δt c 80 ps, which eliminates any optical interference between the pulses themselves so the observed oscillations only come from the Ramsey interference. The solid line in Fig. 3(a) is a fit from the model we further use to demonstrate the effect of the pulse frequency detuning in Fig. 3(b) .
As shown by the model, increasing detunings lead to a clear Ramsey interference amplitude reduction, while the phase of the fringes shows a linear dependence on the pulse detuning Δω L . The phase shift is a consequence of the pulse detuning; the detuning causes the rotation axis to be shifted by an angle φ ω 0 Δω L · t c t f with respect to the non-detuned-pulse axis of rotation. In principle, this effect can be used to perform a Ramsey interference experiment by keeping the interpulse delay fixed and just varying the pulse detuning [14] .
E. Determination of Coherence Time
The decay of the Ramsey interference amplitude for longer delays provides a measurement of the extrinsic dephasing time T 2 [12] . To access information on the decay of the Ramsey interference, we record the amplitude of the oscillations for a range of coarse delays. Starting with the initial delay of Δt c 80 ps, we gradually increase the delay to 180 ps in steps of ∼3.34 ps. For each of the coarse delays, we repeat the Ramsey interference experiment by finely scanning the interpulse delay over the range Δt f ∈ 0; 11 fsec using the piezo-controlled delay and recording the signal amplitude.
In Fig. 4(a) , we provide the measured amplitude of the Ramsey interference oscillations for all the coarse delays. The solid line is a fit from our model, and the decay time corresponds to T 2 43 ps, which is much shorter than the lifetime of the trion itself ∼1 ns [30] [31] [32] and in good agreement with previously reported values for trions in other QD systems [20] . Using our quantum optical model, we investigated the effect of the pulse detuning and found that although it affects the overall amplitude of the oscillations, the decay time remains unchanged for the complete range of pulse detunings investigated and is mostly affected by the intrinsic and phonon-induced dephasing [36] . Figure 4(b) shows the dependence of the interference amplitude as a function of the pulse detuning, highlighting the reduction 
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in interference amplitude for increasing detuning. Experiments performed on other nearby QDs have yielded similar decay times.
F. Complete Coherent Control Experiment
In order to demonstrate universal single-qubit gate operation with our site-controlled nanowire QD qubit, we performed a variant of the standard Ramsey experiment.
In addition to varying the delay between the two rotation pulses, we also vary their power (i.e., area). Doing so provides access to states that are anywhere on the Bloch sphere (complete coherent control). This can be achieved because all locations on the Bloch sphere can be reached by performing two rotation operations of the Bloch vector if both the angle of rotation and the axis of the second rotation relative to the first are controlled. Figure 5(a) shows the detected counts as a function of the rotation pulse power and the interpulse delay. In this experiment, the pulses are slightly detuned from resonance by Δω L ∕ 2π ∼ 14.5 GHz. This is the origin of the slightly tilted lobe structure in Fig. 5(a) , which we reproduced using our quantum optical model, as shown in Fig. 5(b) . For simulated results from other pulse detunings, the reader can refer to Fig. S3 of the Supplement 1.
G. Modeling
The simulations presented in our work were performed using the Quantum Toolbox in Python (QuTiP) [37] .
The four-level system, driven by a pump laser with frequency
where Δω L denotes the detuning of the laser, is described by the with Lc j the Lindblad superoperators of the collapse operators c j .
The effect of the above-band laser is modeled as the inverse of spontaneous emission. Our simulations of the final density matrix provide the photon count rates expected from each measurement (up to a normalization factor). The complete set of parameters used for the simulations that we performed here is in [38] .
SUMMARY
In this work, we have demonstrated complete coherent control of a trion-based qubit in a site-controlled nanowire QD. We used the double-Λ structure of the charged QD in a high magnetic field as a means to spectrally separate the rotation pulses from the detection channel, and using ultrafast pulse sequences, we showed Rabi oscillations, Ramsey interference, and complete coherent control of our qubit. The short coherence time of the trion qubit is here a limiting factor, but newer generation samples with enhanced growth conditions hold great potential for coherence time improvements [29] . Moreover, the recent development of both electrical [39] and strain tuning [40] of these nanowire QDs could help alleviate the inhomogeneous broadening, making this platform very promising for quantum hardware and opening the path for more robust qubits [41, 42] to be implemented in site-controlled nanowire QDs. Nanowire-based qubits do not admit a direct mechanism for coupling neighboring (nor distant) qubits, but by adapting schemes developed for scalable trapped-ion quantum processors [43] , in which distant qubits are entangled optically, one can imagine an architecture for a quantum processor based on nanowire-QD qubits. Although the replication of long-coherence-time qubit experiments in a site-controlled QD platform is a major challenge in the QD roadmap for building a quantum repeater [44] , technological advancements in several promising site-controlled QD platforms [21] [22] [23] [24] [25] [26] [27] make this prospect appear within our grasp. 
